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Abstract
The rare kaon decay K+ → pi−µ+µ+ is violating lepton number by two units and
is investigated within the context of Majorana neutrino masses. Using a new upper
bound from E865 an upper limit on the effective Majorana mass term 〈mµµ〉
<
∼ 500
GeV could be obtained. This is improving existing bounds by about one order of
magnitude. Implications on heavy neutrinos are discussed as well as future possi-
bilities to improve limits on this as well as other elements of the Majorana mass
matrix are investigated.
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kaon decays
1 Introduction
Over the last years growing evidence arose for a non-vanishing neutrino rest
mass. The observations of missing solar neutrinos, a deficit in upward going
atmospheric νµ and the LSND accelerator experiment results all can be ex-
plained within the context of neutrino oscillations. For recent reviews see [1,2].
On the other hand oscillation experiments are no absolute mass measurements,
depending on ∆m2 = m22 − m
2
1, where m1,2 are the two mass eigenvalues.
Therefore several neutrino mass models exist to describe the observed effects.
Beside that also the fundamental character of the neutrino, whether being a
Dirac or Majorana particle, is still unknown. The most promising channel to
probe this property for νe is neutrinoless double beta decay. The measured
quantity 〈mee〉 is called effective Majorana neutrino mass and given by
〈mee〉= |
∑
U2eimiη
CP
i | (1)
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where mi are the mass eigenvalues, η
CP
i = ±1 are the relative CP-phases and
Uei are the mixing matrix elements connecting weak eigenstates with mass
eigenstates. The current experimental upper bound on 〈mee〉 is around 0.2 eV
[3]. But this quantity is only one element of a general 3× 3 matrix of effective
Majorana neutrino masses given in the form
〈mαβ〉 =
∣∣∣∑UαiUβimiηCPi
∣∣∣ with α, β = e, µ, τ. (2)
The limits for the other matrix elements are rather poor compared with double
beta decay. Limits on 〈meµ〉 arise from muon-positron conversion on titanium
coming from the experimental bound of [4]
Γ(Ti + µ− → CaGS + e+)
Γ(Ti + µ− → Sc+ νµ)
< 1.7 · 10−12 (90%CL) (3)
which can be converted in a new limit of 〈meµ〉< 17 (82) MeV depending
on whether the proton pairs in the final state are in a spin singlet or triplet
state and allowing correction factors of the order one for the difference in Ti
and S as given in [5]. Recently an improved limit on the element 〈mµµ〉
<
∼ 104
GeV was given by investigating trimuon production in neutrino - nucleon
scattering [6]. The first full matrix of limits on 〈mαβ〉, including for the first
time matrix elements containing the τ - sector of Eq. 2 are given in [7], using
HERA charged current results with associated dimuon production. All limits
obtained for the matrix elements are of the order 104 GeV or slightly below.
Indirect bounds coming from FCNC processes like µ → eγ, τ → µγ could
also account for severe limits. On the other hand note, that these processes
depend on meµ =
√∑
UeiUµim2i (in case of µ→ eγ) while the ones mentioned
before typically depend on 〈mαβ〉
2. Therefore without specifying a mixing and
mass scheme, the quantities are rather difficult to compare. A discussion of
such models within this context and using oscillation data can be found in [8].
The same argument holds for combining 〈mee〉 and 〈meµ〉 to determine 〈mµµ〉.
Therefore any experimentally obtained limit is very useful.
A further interesting topic within this context is the production of neutral
heavy leptons and direct production of Majorana neutrinos heavier than 100
GeV, the last has been studied for various collider types [9]. The current limits
on neutral heavy leptons are coming from LEP and are 39.5 GeV (stable) [10]
and 76.0 GeV (for an unstable Majorana neutrino coupling to muons) [11].
Also mixing of such heavy particles with the light neutrinos will be restricted
by the limits given for 〈mαβ〉. The process of a lepton-number violating rare
kaon decay discussed in this paper will allow to obtain a new limit on 〈mµµ〉.
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2 The decay K+ → pi−µ+µ+
A further possibility to probe 〈mµµ〉is the rare kaon decay
K+ → pi−µ+µ+ . (4)
This process is violating lepton number by two units. The measured quantity
〈mµµ〉 is given by
〈mµµ〉= |
∑
U2µimiη
CP
i | . (5)
The lowest order Feynman diagrams are shown in Fig. 1. The amplitude A1
is given for the tree diagram by [12]
A1 = 2G
2
FfKfpi(VudVus)
∗
∑
i
(UliUl′i)
∗pK,αppi,β[L
αβ
i (pl, pl′)− δll′L
αβ
i (pl′ , pl)](6)
where
Lαβi (pl, pl′) = mνi(q
2 −m2νi)
−1v¯(pl)γ
αγβPRv
c(pl′) (7)
and q corresponds to the four-momentum of the virtual νi and PR = (1+γ5)/2.
The box diagram cannot be calculated easily because the hadronic matrix
element
∫
d4xd4yei(pd−pu)yei(ps¯−pu¯)x〈pi− | [d¯L(y)γβuL(y)][s¯L(x)γαuL(x)] | K
+〉 (8)
is not directly related to measured quantities like 〈0 | s¯LγαuL | K
+〉 and
〈pi− | d¯LγβuL | 0〉 as in the tree graph. The tree diagram is dominating the
total decay rate and the mν dependence is coming basically from L
αβ . De-
tailed calculations can be found in [12,13]. Because we are far away from the
expected rate, the uncertainties in the matrix element can be neglected. A first
extraction of a branching ratio for this process was done in [12] reexamining
the data from [14]. They obtained a branching ratio of
Γ(K+ → pi−µ+µ+)
Γ(K+ → all)
< 1.5 · 10−4 (90%CL) (9)
Using this value with the theoretical calculations of [5] a limit of 〈mµµ〉<
1.1 · 105 GeV could be deduced [15]. The processes discussed in [7] were able
to improve that number down to be less than 4 · 103 GeV. In the meantime
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new sensitive kaon experiments are online and using the E865 experimentat
BNL a new upper limit on the branching ratio of
Γ(K+ → pi−µ+µ+)
Γ(K+ → all)
< 3 · 10−9 (90%CL) (10)
could be obtained [16], an improvement by a factor 50000. Because the branch-
ing ratio is ∝ 〈mµµ〉
2 this can be converted in a limit on 〈mµµ〉
<
∼ 500 GeV, a
factor of eight better than the existing limits and three orders of magnitude
better in this particular decay channel.
3 Results and Discussion
The obtained upper limit on 〈mµµ〉 of 500 GeV restricts regions of heavy Ma-
jorana neutrinos having a mixture UµH with νµ. No direct bound exists for
neutrino masses heavier than 90 GeV. This is illustrated in Fig. 2. Further
improvements to this bound could come from even more sensitive searches
for this rare kaon decay. An improvement by a factor of about 10 on 〈mµµ〉
implying an improvement on the branching ratio limit by two orders of mag-
nitude would bring the number in overlap with LEP searches. New experi-
ments like E949 at BNL and CKM (E905) at Fermilab [17] or a muon collider
could improve on that significantly. Furthermore the decay of charmed mesons
could be considered as well. Among the Cabibbo angle favoured modes are
D+ → K−µ+µ+, D+S → K
−µ+µ+ or D+S → pi
−µ+µ+. The existing limits on
the branching ratio for these processes are 3.2 · 10−4, 5.9 · 10−4 and 4.3 · 10−4
respectively [18]. While being competitive with the old bound for the kaon
decay discussed, the new kaon branching ratio limit is now five orders of mag-
nitude better. Therefore, to obtain new information on 〈mµµ〉 from D-decays,
analyses of new data sets have to be done.
To improve significantly towards lighter neutrino masses (〈mµµ〉
<
∼ 1 GeV) one
might consider other processes. The close analogon to double beta decay and
therefore a measurement of 〈mµµ〉 using nuclear scales would be muon capture
by nuclei with a µ+ in the final state as discussed in [19] . No such experiment
was performed yet. The ratio with respect to muon capture can be given for
44Ti and light neutrino exchange as
Γ =
Γ(µ− + Ti→ µ+ + Ca)
Γ(µ− + Ti→ νµ + Sc)
≃ 5 · 10−24(
〈mµµ〉
250keV
)2 . (11)
Assuming that a branching ratio of the order of muon-positron conversion
(Eq.3) can be obtained, a bound on 〈mµµ〉
<
∼ 150 GeV results. Unfortunately
this is only a slight improvement on the bound obtained here. Furthermore
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assuming heavy neutrino exchange for the µ+ capture would result in a rate
another four orders of magnitude lower than for light neutrino exchange. Im-
provements on the τ - sector of matrix elements of Eq. (2), especially 〈mττ 〉,
could be done by a search for rare B-decays. Limits on the branching ratio for
decays B+ → K−µ+µ+, B+ → pi−µ+µ+ of less than 9.1 · 10−3 exist [20], how-
ever nobody looked into the decays B+ → K−τ+τ+ or B+ → pi−τ+τ+. With
the new B-factories such a search might be possible at a level of producing
limits on 〈mττ 〉 competitive with the ones given in [7].
4 Conclusion
Whether neutrinos are Dirac or Majorana particles is still an open question.
For several flavours an effective Majorana mass matrix can be assumed, whose
best explored element is 〈mee〉 due to neutrinoless double beta decay searches.
An improved limit on 〈meµ〉 is given here. An investigation especially on the
matrix element 〈mµµ〉 was performed. Using new bounds on the branching
ratio of K+ → pi−µ+µ+ obtained by E865 a new upper limit on 〈mµµ〉 of less
than 500 GeV was obtained, improving existing bounds by roughly one order
of magnitude. Informations on the admixture of heavy Majorana neutrinos
with muons are obtained. Suggestions for further improvements are given as
well as the proposal to consider a search for rare B - decays like B+ → pi−τ+τ+
to improve on the τ - sector of 〈mαβ〉.
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Fig. 1. Feynman diagrams in lowest order contributing to the rare kaon decay
K+ → pi−µ+µ+. Shown are the tree (left) and box diagram (right).
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Fig. 2. 95 % CL Limits on the mixing matrix element | U2 | of a heavy neutrino to
a light one. The compilation of limits below 90 GeV are taken from [10]. No direct
limit exist for the mixing matrix element | UµH |
2 above 90 GeV. The region which
can be excluded by the analysis of rare kaon decays is shown in the upper right.
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